We aimed at evaluating the relative contribution of cyclooxygenase (COX) -1 and COX-2 to the synthesis of prostacyclin in endothelial cells under static conditions in the presence or absence of exogenous arachidonic acid and/or altered intracellular redox balance. Selective inhibitors of either COX-1 (SC560 and FR122047) or COX-2 (SC236) concentration dependently (1-300 nM) reduced basal and interleukin (IL) -1␤-induced prostacyclin production in human umbilical vein endothelial cells by 70% or more; compound selectivity was confirmed using a wholeblood assay (IC 50 COX-1/COX-2: 13 nM/930 nM for SC-560; 9 M/457 nM for SC-236). The observed concomitant formation of isoprostane appeared to be associated with COX enzyme activity, while formation of COX-1/COX-2 heterodimers was detected by immunoprecipitation. In the presence of arachidonic acid and 12-hydroperoxy-eicosatetraenoic acid, either exogenous or provided by platelet activation, or after glutathione depletion, COX-1 inhibition but not COX-2 inhibition concentration dependently decreased prostacyclin production. Both isoforms appear to contribute to basal prostacyclin production by endothelial cells, with COX-2 providing the hydroperoxide tone required for COX-1 activity. Conversely, in the case of intracellular glutathione depletion or enhanced availability of arachidonic acid and hydroperoxides, selective COX-2 inhibition did not significantly affect the production of endothelial prostacyclin. These findings contribute to a better understanding of the effects of cyclooxygenase inhibitors on prostacyclin production.-Bolego, C., Buccellati, C., Prada, A., Gaion, R. M., Folco, G., Sala, A. Critical role of COX-1 in prostacyclin production by human endothelial cells under modification of hydroperoxide tone. FASEB J. 23, 605-612 (2009) 
expressed in most tissues and mediates basal physiological functions, while COX-2 is induced by various stimuli, such as inflammatory cytokines, and is therefore mostly associated with pathological conditions (1) . In unstimulated human endothelial cells, COX-1 was reported to be mainly responsible for TXB 2 production, whereas COX-2, detectable only after stimulation, was solely involved in prostaglandin I 2 (PGI 2 ) and prostaglandin E 2 (PGE 2 ) synthesis (2) . Traditional nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit both isoforms, while the COXIBs selectively affect the formation of prostanoids by COX-2. The risk-benefit ratio associated with their use is strictly dependent on the distribution of the enzyme isoforms in target organs, such as the gastrointestinal tract, kidneys, platelets, and endothelium (3) . COX-1 and COX-2 activity is also differentially regulated by factors such as the amount of substrate (i.e., arachidonic acid), either released from cellular phospholipids via cytosolic phospholipase A 2 ␣ (cPLA 2 ␣; ref. 4) or provided by neighboring cells (5) (6) (7) , or the availability of hydroperoxides (8) . The housekeeping prostanoid produced by the endothelium is PGI 2 , which notably contributes to the maintenance of the physiological, antiadhesive, and antithrombotic properties of this organ (9) . Although a large body of data suggests that endothelial cells express COX-1, which in turn is the isoform responsible for the constitutive production of PGI 2 (2, 10, 11) , there is now a general agreement that PGI 2 in vascular endothelium may be generated mainly by COX-2, possibly as a result of COX-2 expression induced by laminar flow shear stress (12, 13) . Nevertheless, this hypothesis has been recently challenged (14) , as the evidence of the in vivo vascular expression of COX-2 under normal conditions is still controversial (15, 16) . Studies (8) in cells expressing both COX isoforms demonstrated that both enzymes may contribute to prostaglandin synthesis, while important regulatory mechanisms (i.e., hydroperoxide tone and substrate availability) can contribute to control their catalytic activity with striking differences observed between COX-1 and COX-2. Moreover, a recent study (17) disclosed the in vivo formation of COX heterodimers, thus opening the question of their potential role toward the synthesis of prostanoids or the activity of COX inhibitors.
With the present work, we investigated the relative contribution of the two COX isoforms toward prostacyclin production in human endothelium under static conditions, evaluating how selective COX-1 and COX-2 inhibitors affect its production, as well as that of isoprostanes. Furthermore, we studied the formation of COX-1/COX-2 heterodimers and the effect of enhanced substrate availability and alterations of the endothelial peroxide tone on the synthesis of prostacyclin.
MATERIALS AND METHODS

Endothelial cell culture
Human umbilical vein endothelial cells (HUVECs) were grown in medium 199 (M199, Invitrogen, S. Giuliano Milanese, Milan, Italy) supplemented with 15% FCS (Euroclone; Pero, Milan, Italy), gentamicin (40 g/ml, Invitrogen), endothelial cell growth factor (25 g/ml; Sigma, St. Louis, MO, USA), and heparin (100 g/ml, Sigma). Cells were identified as endothelial by their morphology and the presence of CD31-related antigen. All experiments were performed on cells at the first passage. HUVECs were seeded at equal density either in 24-well plates (7ϫ10 4 /well) or in 6-well plates (3ϫ10 5 /well) or in 100-mm culture dishes (1.4ϫ10 6 / dish). Before experiments, cells were maintained overnight in serum-free medium enriched with 0.5% albumin. For experiments, cells were incubated in M199 supplemented with 5% FCS or in PBS as indicated. Selected experiments were carried out in the presence of buthionine sulfoximine (BSO; 1 mM; Sigma), diethyl maleate (DEM; 0.5 mM; Sigma), SC236 (1-100 nM; Searle, St. Louis, MO, USA), arachidonic acid (10 -50 M; Cayman Chemical, Ann Arbor, MI, USA), SC560 (1-100 nM; Cayman Chemical), FR122047 (1-300 nM; Cayman Chemical), and 12-hydroperoxyeicosatetraenoic acid (12-HpETE; 50 nM; Cayman Chemical). Inhibitors were added 10 -15 min before the stimulus.
Human platelet isolation and coincubation with HUVECs
Human blood was taken from the antecubital vein of healthy volunteers, anticoagulated with ACD (84 mM trisodium citrate, 41 mM citric acid, and 136 mM glucose, 1:7, v:v) and treated with 1 mM acetylsalicylic acid. Platelet-rich plasma was obtained by centrifugation at 180 g (15 min at room temperature), which was further centrifuged at 650 g (15 min at room temperature); resuspended in a washing buffer (5 mM KCl, 103 mM NaCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 39 mM citric acid, and 5 mM glucose and NaOH 10 N to pH 6.5); centrifuged again; and finally resuspended in D-PBS with CaCl 2 and MgCl 2 (1ϫ10 8 platelets/ml). After incubation with inhibitors for 15 min, the HUVEC medium was substituted with a platelet suspension (10 8 platelets/ml, 2 ml/well) containing the inhibitor used, and the coincubation was stimulated with arachidonic acid (10 M). Thirty minutes after challenge, the whole medium was collected, centrifuged at 12,000 g (2 min at 4°C), and analyzed by specific enzyme immunoassay (EIA) to quantify 6-keto-PGF 1␣ .
COX-1/COX-2 whole-blood selectivity assay
Peripheral venous blood was collected from healthy volunteers, divided into two parts, and used for evaluating COX-1/COX-2 selectivity of different compounds according to the method by Patrignani et al. (18) . Briefly, 1-ml aliquot samples of whole-blood samples, containing 50 M acetylsalycilic acid and 10 IU heparin (Sigma), were incubated with LPS (10 g/ml; Sigma) for 24 h at 37°C, both in the absence and presence of inhibitors (SC560 and SC236: 1-100 nM). Plasma was separated by centrifugation (10 min, 2500 g) and assayed for PGE 2 . A second 1-ml aliquot of whole blood was immediately transferred into glass tubes containing either the inhibitors (SC560 and SC236) or their solvents and was allowed to clot at 37°C for 1 h. Serum was separated by centrifugation (10 min at 2500 g) and assayed for TXB 2 .
Determination of PGI 2 , PGE 2 , TXB 2 , and 8-iso-PGF 2␣ production After incubation, the culture medium was collected and centrifuged at 10,000 g for 5 min. PGE 2 , TXB 2 , 8-iso-PGF 2␣ , and 6-keto-PGF 1␣ , the stable hydrolysis product of PGI 2 , were measured with specific EIA kits (Cayman Chemical) according to the manufacturer's instructions.
Immunoprecipitation
We obtained cell lysates at a concentration of 10 6 cells/ml. For immunoprecipitation, cell lysates were precleared by centrifugation at 10,000 g for 15 min at 4°C and subsequent incubation with protein G-agarose beads (2 h, 4°C). After centrifugation at 10,000 g for 30 s, supernatants were incubated overnight with specific monoclonal antibodies against COX-1 or COX-2 (3 g/ml) at 4°C (Cayman Chemical). Cell-free supernatants were used as negative controls. The target proteins bound by the specific antibodies were immunoprecipitated by addition of protein G-agarose beads and incubation for 3 h. Finally, the antibody-conjugated beads were washed several times according to the manufacturer's protocol (Roche Immunoprecipitation Kit, Protein G -agarose; Roche Diagnostics, Basel, Switzerland) and resuspended in SDS-gel loading buffer under reducing conditions for the analysis, as described below.
Western blot analysis
At the end of incubations, cells were harvested in lysis buffer. After quantization by Lowry's method, equal amounts of cell protein were loaded onto 10% SDS-acrylamide gels together with a definite amount of either COX-1 or COX-2 purified proteins (Cayman Chemical). At the end of the run, proteins were transferred to a nitrocellulose membrane and incubated with polyclonal antibodies against COX-2 (1:400, Cayman Chemical) and COX-1 (1:1000, Cayman Chemical) overnight and then with suitable peroxidase-conjugated secondary antibodies for 1 h. Proteins were detected by chemiluminescence (Amersham Biosciences, Piscataway, NJ, USA). Loading control was performed using actin immunodetection. In the case of immunoprecipitated proteins, COX isoforms immunoprecipitated by COX-1 and COX-2 monoclonal antibodies were then detected using COX-1 and COX-2 polyclonal antibodies.
Statistical analysis
Data were obtained from 3 to 6 independent experiments, each value representing mean Ϯ se of duplicate or triplicate determinations. Comparison between groups was performed by ANOVA followed by Sheffé's test for multiple comparisons. Values of P Ͻ 0.05 were considered statistically significant.
RESULTS
Expression of COX-2 in HUVECs
Expression of COX-2 was evaluated in HUVECs under different cellular culture conditions and in agreement with previous studies (19, 20) increased expression of COX-2 was observed after treatment with FCS 5% either in the presence or absence of interleukin (IL) -1␤ activation ( Fig. 1) .
Effect of selective COX-1 and COX-2 inhibitors on the production of prostacyclin
Pretreatment of 5% FCS-treated cells with either a selective COX-1 inhibitor (SC560) or a selective COX-2 inhibitor structurally correlated to celecoxib (21; SC236) reduced the production of the hydrolysis product of PGI 2 (6-keto-PGF 1␣ ) by 70% or more ( Fig. 2A) .
The selectivity of the compounds used was confirmed using the whole-blood assay according to Patrignani et al. (18) , and the results were obtained, taking into account plasma protein binding, and confirmed the expected selectivity in the range of concentrations used (IC 50 COX-1/COX-2: 13 nM/930 nM for SC-560; 9 M/457 nM for SC-236).
The use of a different, structurally unrelated COX-1 selective inhibitor FR122047 (with a reported COX-1/ COX-2 selectivity of Ͼ2300-fold; ref. 22 ) also significantly decreased the basal PGI 2 synthesis, with an EC 50 of ϳ30 nM (Fig. 2B) .
Concomitant formation of isoprostanes, expressed as 8-iso-PGF 2␣ , was also observed, with absolute values ϳ10-fold lower than prostacyclin (i.e., 6-keto-PGF 1␣ : 7.86Ϯ1.63 ng/mg protein; 8-iso-PGF 2␣ : 0.64Ϯ0.04 ng/mg protein). Isoprostane formation also was inhibited by COX-1 and COX-2 selective inhibitors, with a potency equal to that shown for the inhibition of prostacyclin, suggesting that, as expected (2), COXactivity and the synthesis of prostacyclin in endothelial cells is associated with significant lipid peroxidation and formation of isoprostanes (Fig. 2C) .
Similar results were obtained using IL-1␤, showing efficient inhibition of PGI 2 formation by either the COX-1 or the COX-2 selective compounds (Fig. 3) . Again, isoprostane formation closely followed the observed production of prostacyclin, confirming that COX activity was linked to significant lipid peroxidation and formation of isoprostanes (data not shown).
COX-1 and COX-2 heterodimer formation
To better understand the mechanisms involved in the synthesis of prostacyclin by endothelial cells and the complex behavior of COX-1 and COX-2 selective inhibitors, we investigated the potential formation of the recently described COX-1/COX-2 heterodimers (17) . Confocal microscopy of endothelial cells colabeled using COX-1 and COX-2 specific antibodies showed significant colocalization, in particular at the perinuclear envelope (data not shown). Western blot analysis of COX-1 selective immunoprecipitates obtained from endothelial cells also showed the presence of minor amounts of COX-2, but the signal obtained by Western blot was clearly lower that that observed using COX-2 selective immunoprecipitates (Fig. 4A) ; the same was observed for COX-1 in COX-2 selective immunoprecipitates (Fig. 4B) , suggesting the occurrence of only limited COX-1/COX-2 heterodimer formation in HUVECs.
Effect of arachidonic acid in the presence or absence of 12-HpETE or glutathione depletion on prostacyclin formation
In physiopathological conditions where the antiadhesive properties of the endothelium become critical, such as during platelet activation and thrombus formation, large amounts of arachidonic acid together with hyperoxides may be available to endothelial cells. As lower availability of substrate or hydroperoxides may result in the preferential activation of COX-2, whereas a higher "hydroperoxide tone" or higher arachidonic acid concentrations may lead to the preferential arachi- donic acid oxygenation by COX-1 (23, 24) , we compared the effect of the SC236 and SC560 on prostacyclin production in the presence of exogenous arachidonic acid with or without 12-HpETE, a hydroperoxide also formed by activated platelets (25) . In HUVECs exposed to low concentrations of arachidonic acid (10 M) for 30 min, SC560 as well as SC236 concentration dependently inhibited PGI 2 formation (Fig. 5) . Conversely, the formation of prostacyclin after addition of 10 M in the presence of hydroperoxides (50 nM 12-HpETE) was concentration dependently inhibited by SC560 (IC 50 : 5.1 nM) but not by SC236 (Fig. 6) . Similar results were obtained using platelets as a source of endogenous 12-HpETE, as the observed production of PGI 2 resulted effectively inhibited by SC560 but not affected by the inhibition of COX-2 (Fig. 7) .
To further confirm these results, we treated cells with DEM (0.5 mM) and BSO (1 mM), a widely recognized method to enhance the hydroperoxide tone by diminishing the availability of reduced form of glutathione (26) . Under these experimental conditions, the formation of prostacyclin was also concentration dependently inhibited by SC560 but only marginally affected by SC236 at the highest concentration tested (Fig. 8) .
DISCUSSION
In the present study, we provide evidence of a significant effect of both COX-1 and COX-2 selective inhibitors on the production of prostacyclin from endogenous substrate in human umbilical vein endothelial cells. The inhibition of prostacyclin production is associated with a comparable suppression of isoprostane formation, suggesting that COX-2 activity in endothelial cells may provide the hydroperoxide tone necessary for the activity of COX-1 and that COX-2 inhibition may therefore cause a significant, indirect inhibition of COX-1. In support of this hypothesis in the presence of exogenous arachidonic acid and hydroperoxides (12-HpETE) or washed platelets (as an endogenous source of 12-HpETE), as well as after GSH depletion (mimicking a sustained redox imbalance at the cellular level), we provide evidence that COX-1, independently from COX-2 activity, is responsible of the observed production of prostacyclin. This evidence contributes to a better understanding of the potential cardiovascular effects of nonselective NSAIDs and selective COX-2 inhibitors.
Prostacyclin, the main product of COX activity in endothelial cells, possesses antiadhesive, antithrombotic, and antiproliferative properties, thereby being essential to the functional integrity of the endothelium (9) . Until the debate on the cardiovascular safety of COX-2-selective inhibitors, the production of prostacyclin was mainly attributed to the housekeeping enzyme COX-1. Evidence for COX-2 expression as a result of laminar flow shear stress and the effect of selective COX-2 inhibition on prostacyclin formation in vivo suggest a critical contribution of COX-2 to the physio- Figure 2 . Effect of treatment with selective COX-1 (SC560 and FR122047) or COX-2 (SC236) inhibitors toward PGI 2 and isoprostane formation in HUVECs. Cells were incubated in medium containing 5% FCS in the presence of increasing concentrations of SC560 or SC2536 (1-100 nM; A, C) and FR122047 (3-300 nm; B) for 6 h. Isoprostanes (as 8-iso-PGF 2␣ ) and PGI 2 (as 6-keto-PGF 1␣ ) were evaluated in aliquots of cell supernatants using specific EIAs. Values are expressed as percentage Ϯ se (nϭ3-5) of the metabolite production observed in the absence of inhibitors (control values: 6-keto-PGF 1␣ , 7.86Ϯ1.63 ng/mg protein; 8-iso-PGF 2␣ , 0.64Ϯ0.04 ng/mg protein). *P Ͻ 0.05, **P Ͻ 0.01 vs. control. Figure 3 . Effect of treatment with selective COX-1 (SC560) or COX-2 (SC236) inhibitors toward PGI 2 formation in IL-1␤-treated HUVECs. Cells were incubated in medium containing 5% FCS and 2 ng/ml of IL-1␤ in the presence of increasing concentrations (1-100 nM) of SC560 or SC2536 for 6 h. PGI 2 (as 6-keto-PGF 1␣ ) was evaluated in aliquots of cell supernatants using a specific EIA. Values are expressed as percentage Ϯ se (nϭ3) of the metabolite production observed in the absence of inhibitors. *P Ͻ 0.05, **P Ͻ 0.01 vs. IL-1␤. logical production of PGI 2 (12, 13) . Although widely accepted, this hypothesis is mainly based on the observed inhibition of the urinary excretion of prostacyclin metabolites on treatment with COX-2 selective inhibitors in humans (14) , and the question as to the relative role of either COX isoform toward the synthesis of prostacyclin in endothelial cells remains an open issue (14, 27) together with the expression of COX-2 under normal conditions in vivo (15, 16) .
To address it, we verified that, in agreement with previously reported data (5, 19) , nonactivated endothelial cells maintained in 5% FCS (basal conditions) express both protein isoforms (28) . As endothelial cells easily change phenotype, we consistently used first passage HUVECs, throughout all the experiments. Selective inhibitors of either COX-1 (SC560 and FR122047) or COX-2 (SC236) concentration dependently reduced basal or IL-1␤-induced prostacyclin production by 70% or more. This is clearly in contrast with the involvement of only one of either COXs (COX isoforms) in prostacyclin release by human endothelium. To address the specificity of the compounds at the concentrations used in our experiments, we evaluated their activity in the whole blood selectivity test (18) ; SC560 showed an IC 50 of 1 M with respect to COX-2, while SC236 inhibited COX-1 only at concentrations in the micromolar range, all concentrations well above the ones used in our experiments. Also taking into account the contribution of plasma protein binding to the results obtained (29) , it appears clearly that the compounds were used at . Effect of treatment with selective COX-1 (SC560) or COX-2 (SC236) inhibitors toward PGI 2 production in HUVECs on incubation with arachidonic acid. Cells were incubated in PBS with calcium and magnesium in the presence of increasing concentrations of SC560 or SC236 (1-100 nM); 10 min after treatment with inhibitors, cells were added with arachidonic acid (10 M) for 30 min. PGI 2 was evaluated as 6-keto-PGF 1␣ in aliquots of cell supernatants using a specific EIA. Values are expressed as percentage Ϯ se (nϭ4) of the 6-keto-PGF 1␣ production observed in the presence of arachidonic acid (control). *P Ͻ 0.05, **P Ͻ 0.01 vs. control. Figure 6 . Effect of treatment with selective COX-1 (SC560) or COX-2 (SC236) inhibitors toward PGI 2 production in HUVECs on challenge with arachidonic acid and 12-HpETE. Cells were incubated in PBS with calcium and magnesium in the presence of increasing concentration of SC560 or SC236 (1-100 nM); 10 min after treatment with inhibitors, cells were added with arachidonic acid (10 M) including 12-HpETE (50 nM) for 30 min. PGI 2 was evaluated as 6-keto-PGF 1␣ in aliquots of cell supernatants using a specific EIA. Values are expressed as percent Ϯ se (nϭ3) of the 6-keto-PGF 1␣ production observed in the presence of arachidonic acid and 12-HpETE (control). *P Ͻ 0.05, **P Ͻ 0.01 vs. control.
concentrations at which their selectivity appeared to be well preserved.
Together with the formation of prostacyclin, consistent amounts of isoprostanes were observed, and either COX-1 or COX-2 inhibition also resulted in a parallel inhibition of the formation of isoprostanes, indicating that active cyclooxygenation of arachidonic acid was also leading to lipid peroxidation and formation of isoprostanes (30) . This effects turns out to be extremely important because of the differences in sensitivity to hydroperoxide activation between COX isoforms, with COX-1 activation requiring higher concentration of peroxides than COX-2. Therefore, the activation of COX-2 may lead to a secondary activation of COX-1, which may indeed represent a significant source of prostacyclin. The significant colocalization of the two isoforms observed by immunohistochemistry provides further support for this kind of close interaction. We therefore propose that the effect of COX-2 selective compounds is mainly resulting from the indirect inhibition of COX-1 activity through the decrease in hydroperoxide availability resulting from COX-2 inhibition, while the observed activity of COX-1 selective inhibitors is the result of the direct inhibition of this isoform of the COX enzyme.
The crystal structures of sheep COX-1 and mouse COX-2 have been elucidated and suggest that COX-1 and COX-2 are homodimeric proteins (31, 32) . A recent study (17) reporting that COX-1 and COX-2 can heterodimerize in vivo prompted us to evaluate the formation of COX heterodimers as a possible alternative interpretation of the observed overlap between COX-1 and COX-2 selective inhibitors; nevertheless, immunoprecipitation experiments provided evidence of only limited amounts of COX heterodimers in HUVECs. In fact, while the immunoprecipitates obtained by antibodies specifically recognizing one isoform contained also detectable amounts of the other isoform (i.e., immunoprecipitates obtained using an anti-COX-1 antibody also contained COX-2, as detected by COX-2 specific Western blot), the overall immunoprecipitate amount of each isoform (i.e., the amount of COX-2 as detected by COX-2 specific polyclonal antibody Western blot in immunoprecipitates obtained using a different monoclonal anti-COX-2 antibody) was significantly higher than the amount coprecipitating with the heterologous antibody.
Purified COX-1 has shown a sigmoidal dependence on arachidonate substrate, whereas COX-2 displays simple saturable behavior (23) . Indeed, a large variation in K i values of selective competitive inhibitors was observed at increasing arachidonic acid concentrations, supporting the concept that COX-2 is very efficient in using its substrate at low (Ͻ0.5 M) arachidonic acid concentrations, while COX-1 requires larger amounts of substrate (33) . Based on these considerations, we also studied the effect of the availability of exogenous substrate, a condition occurring for instance when high amounts of arachidonic acid are released by activated platelets (34, 35) , on endothelial prostacyclin production. In the presence of 10 M hydroperoxide-free arachidonic acid, the inhibitory profile of selective COX-1 and COX-2 inhibitors was similar to that observed in the absence of exogenous arachidonic acid, Figure 7 . Effect of treatment with selective COX-1 (SC560) or COX-2 (SC236) inhibitors toward PGI 2 production in HUVECs coincubated with human washed platelets and challenged with arachidonic acid. Cells were incubated in PBS with calcium and magnesium in the presence of increasing concentrations of SC560 or SC236 (1-100 nM); 15 min after treatment with inhibitors, the medium was changed with a suspension of washed human platelets (2 ml, 10 8 platelets/ml) containing the inhibitor used, and arachidonic acid (10 M) was added for 30 min. PGI 2 was evaluated as 6-keto-PGF 1␣ in aliquots of cell supernatants using a specific EIA. Values are expressed as percentage Ϯ se (nϭ3) of the 6-keto-PGF 1␣ production observed in the presence of arachidonic acid and platelets (control). *P Ͻ 0.05, **P Ͻ 0.01 vs. control. Figure 8 . Effect of treatment with selective COX-1 (SC560) or COX-2 (SC236) inhibitors toward PGI 2 production in reduced glutathione-depleted HUVECs on incubation with arachidonic acid. Cells were incubated in PBS with calcium and magnesium in the presence of DEM (0.2 mM) and BSO (1 mM) for 20 min. Afterward, increasing concentrations of SC560 or SC236 (1-100 nM) were added for 10 min. Finally, cells were treated with arachidonic acid (10 M) for 30 min. PGI 2 was evaluated as 6-keto-PGF 1␣ in aliquots of cell supernatants using a specific EIA. Values are expressed as percentage Ϯ se (nϭ3) of the 6-keto-PGF 1␣ production observed in DEM/BSO-pretreated cells in the presence of arachidonic acid (control). *P Ͻ 0.05, **P Ͻ 0.01 vs. control.
suggesting that also in this case COX-2 activity may be providing COX-1 with the necessary hydroperoxides. On the contrary, when the concentrations of hydroperoxides were boosted by providing 10 M arachidonic acid added with 12-HpETE, which promotes the abstraction of a hydrogen atom from arachidonic acid and the initiation of prostacyclin synthesis by COXs (36), SC236 turned out to be largely ineffective, while SC560 inhibited prostacyclin formation, with an IC 50 of 5.1 nM. Note that 12-HpETE represents one of the major arachidonic acid metabolites synthesized by activated platelets (37) and that NSAIDs have been shown to significantly inhibit the peroxidase activity that normally reduces 12-HpETE to 12-HETE in platelets (38) , therefore leading to increased concentrations of the hydroperoxide. Indeed, coincubation of HUVECs and washed human platelets in the presence of arachidonic acid resulted in the formation of prostacyclin that was not sensitive to COX-2 inhibitors but was efficiently suppressed by the treatment with a specific COX-1 inhibitor. These results are in agreement with the hypothesis that changes in endothelial peroxide tone may cause the activation of the COX-1 (39) and support the hypothesis that the role played by COX-2 in basal prostacyclin formations could be the result of changes in the formation of lipid peroxides associated with its activity.
In further agreement with these results, by inducing a cellular redox imbalance through the decreased availability of the reduced form of glutathione, we observed that prostacyclin was formed preferentially via COX-1 rather than COX-2, again suggesting that the role of COX-2 in endothelial cell prostacyclin formation under basal conditions may be that of providing COX-1 with the required hydroperoxides.
In conclusion, both COX isoforms appear to be important for the production of prostacyclin in human endothelial cells, with COX-2 providing the hydroperoxide tone necessary for COX-1 activity. On the contrary, in conditions such as those defined by intracellular glutathione depletion, or whenever significant amounts of arachidonic acid and hydroperoxides may be made available, such as during platelet adhesion and activation, COX-1 may be freed from its partial dependence on COX-2, becoming the main activity leading to the production of endothelial prostacyclin. These findings may contribute to a better understanding of the effects of cyclooxygenase inhibitors on endothelial cells by pointing to a critical role of COX-1 in prostacyclin generation, at least under conditions where increased substrate and lipid hydroperoxide availability are observed.
